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ABSTRACT  The voltage-dependent gating mechanism of Al-type potassium chan- 
nels coded for by the Shaker locus of Drosophila was studied using macroscopic and 
single-channel recording techniques on embryonic myotubes in primary culture. 
From a kinetic analysis of data from single A 1 channels, we have concluded that all 
of the molecular transitions after first opening, including the inactivation transi- 
tion, are voltage independent and therefore not associated with charge movement 
through  the  membrane.  In  contrast,  at  least some of the  activation transitions 
leading to first opening are considerably voltage dependent and account for all of 
the voltage dependence seen in the macroscopic currents. This mechanism is simi- 
lar in many ways to that of vertebrate neuronal voltage-sensitive sodium channels, 
and together with the sequence similarities in the $4 region suggests a conserved 
mechanism for voltage-dependent gating among channels with different selectivi- 
ties. By testing independent and coupled models for activation and inactivation we 
have determined that the final opening transition and inactivation are not likely to 
arise from the independent  action of multiple subunits,  each with simple gating 
transitions, but rather come about through their aggregate properties. A partially 
coupled model accurately reproduces all of the single-channel and macroscopic 
data. This model will provide a framework on which to organize and understand 
alterations in gating that occur in Shaker variants and mutants. 
INTRODUCTION 
A-type potassium channels  in Drosophila muscle are coded  at least in  part  by the 
Shaker gene. Mutations in the gene alter transmission at larval neuromuscular junc- 
tions (Jan et al., 1977) and eliminate, reduce, or alter A-type currents in embryonic, 
larval, and adult muscle (Salkoff and Wyman, 1981b; Wu et al., 1983; Zagotta et al., 
1988).  This A  channel  has been  called A1  to distinguish  it from a  second A-type 
channel found in Drosophila neurons, called As, which differs in single-channel con- 
ductance, voltage dependence, kinetics, and is unaffected by mutations of the Shaker 
locus  (Solc et al.,  1987;  Solc and Aldrich,  1988).  Molecular cloning of the Shaker 
gene (Baumann et al., 1987; Kamb et al., 1987; Papazian et al.,  1987; Tempel et al., 
Address reprint requests to Dr. Richard W. Aldrich, Department of Neurobiology, Stanford Uni- 
versity School of Medicine, Stanford,  CA 94305-5401. 
j. GEN. PrIVSIOL.  ￿9 The Rockefeller  University  Press ￿9  0022-1295/90/01/0029/32 $2.00 
Volume 95  January  1990  29-60 
29 30  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY ￿9 VOLUME  95  ￿9  1990 
1987) has revealed similarity in the derived amino acid sequence with other voltage- 
gated  channels  that  have  been  cloned;  sodium  channels  from eel  electric  organ 
(Noda et al., 1984), rat brain (Noda et al., 1986; Kayano et al., 1988), and Drosophila 
(Salkoff et al., 1987), and calcium channels from vertebrate skeletal muscle (Ellis et 
al.,  1988; Tanabe et al.,  1987, 1988). 
The homology with the sodium and calcium channels is most extensive in a region 
that  has  been called $4  (Noda  et al.,  1984).  This  region has  a  highly conserved 
recurring motif of a positively charged amino acid at every third position with inter- 
vening hydrophobic residues. Present models for voltage-dependent gating favor a 
mechanism involving a rotation or translation of $4 helices through the membrane. 
In this way the $4 helix would act as a voltage sensor for the channel (Greenblatt et 
al., 1985; Catterall,  1986; Guy and Seetharamulu,  1986; Noda et al.,  1986). 
The sodium and calcium channels share a structural plan consisting of four inter- 
nally homologous units, each of which contains many putative hydrophobic mem- 
brane-spanning helices and the amphipathic $4 helix. In contrast, the Shaker protein 
is  roughly one fourth as long as the others and contains an amino acid sequence 
corresponding to only one of the homology units.  Because the voltage-dependent 
gating  of A-type  channels  is  generally  similar  to  sodium  and  calcium  channels 
(Neher,  1971),  and  because  most  known  voltage  and  ligand-gated  channels  are 
much larger than  the  Shaker protein,  it has been suggested  that  the Shaker gene 
codes for a  subunit of a  multimeric channel (Tempel et al.,  1987).  Previous allelic 
complementation experiments on A  currents in pupal muscle have also suggested 
that  more than one Shaker product is involved in producing a  functional channel 
(Timpe  and Jan,  1987).  The  expression  of A-type  currents  in  Xen0pus  oocytes 
injected with single Shaker-derived  mRNA species indicates that, if the channel is 
multimeric,  it can exist as  a  multimer of identical  subunits  (Iverson et al.,  1988; 
MacKinnon et al.,  1988; Timpe et al., 1988a, b; Zagotta et al.,  1989). 
An intriguing finding from molecular work on the Shaker gene is that alternative 
splicing seems to be extensive, with the potential for as many as 24 different species 
of mRNA  capable  of being  produced  (Kamb  et  al.,  1988;  Pongs  et  al.,  1988; 
Schwarz et al.,  1988). Experiments in which oocytes have been injected singly with 
different mRNA species have revealed A-type currents with different kinetics, dif- 
fering in the macroscopic time course of onset and recovery from inactivation (Iver- 
son et al.,  1988; Timpe et al.,  1988a, b; Zagotta et al.,  1989). 
An understanding of the molecular mechanisms of voltage-dependent gating of 
these channels will require detailed studies of the gating of many different channel 
variants,  including  the  native  channels,  the  channels  expressed  by  the  different 
mRNA species in oocytes, and channels whose structures have been altered via in 
vitro  mutagenesis.  The  biophysical  analysis  of  single-channel  data  can  provide 
insight into the gating mechanism not possible with standard macroscopic voltage- 
clamp  techniques.  Statistical  analysis  of  the  open  and  closed  durations  yields 
detailed kinetic  data  on  the  opening and  closing conformational changes  of the 
macromolecule. These data can be compared with theoretical models to ascertain 
the  permitted  conformational  states  and  the  voltage  dependence  of transitions 
between them. The purpose of this article is to describe quantitatively the gating of 
single native A~ channels and to derive a quantitative model for gating incorporating ZAGOT'FAAND  ALDRICH  Shaker  A-Type Potassium Channel Gating  31 
voltage-dependent transitions among kineticaUy defined conformational states. This 
model will provide a framework for organizing and understanding  the alterations in 
gating exhibited by structural variants of the channel. 
METHODS 
Drosophila  Stocks 
Drosophila stocks were  maintained at  26~  on a  cornmeal-yeast-dextrose-sucrose medium. 
The wild-type strain was Canton-S, and the mutant strain Sh  xslJ3 was obtained from L. Salkoff 
of Washington University, St. Louis, MO. 
Cell Culture 
Cell cultures of Drosophila myotubes were prepared according to the procedure of Seecof 
(1979) (Zagotta et al., 1988). Late-gastrula stage embryos were collected and dechorionated 
in a 50% bleach solution for 1 rain. Cells were then removed from the embryos with sharp 
micropipettes and dispersed onto untreated glass coverslips. The cells were allowed to differ- 
entiate in a  modified Schneider's medium containing 20% heat-inactivated fetal calf serum 
and 8 mU/ml of insulin at 26~  This temperature has been shown to maximize the contrac- 
tile activity of myotubes in these cultures (Seecof and Donady, 1972).  Many of the myotubes 
twitch spontaneously in the culture medium or in physiological saline solutions containing 
2 mM Ca  ++, and nearly all of them exhibit a pronounced and prolonged contracture when 
exposed to a solution containing  high K § (140 mM) and Ca + (2 mM). 
Electrophysiology 
Electrophysiological recordings were done 8-24 h  after plating of the cells. The cell mem- 
branes were voltage-clamped and current was recorded with a List EPC-7 patch clamp ampli- 
fier (List Medical/Medical Systems, Greenvale, NY). The output of the amplifier was low-pass 
filtered through an 8-pole Bessel filter (Frequency Devices,  Inc., Haverhill, MA), digitized at 
the frequencies indicated in the figure legends, and stored for later analysis. A Digital Equip- 
ment Corp.  LSI  l l/73-based minicomputer system (Indec Systems,  Sunnyvale, CA)  con- 
trolled the voltage-clamp protocols, and was used for data analysis. 
The pipette potential was nulledjust  before seal formation. The voltage error due to junc- 
tion potentials was estimated to be <5 mV based on the reversal potential of potassium chan- 
nels recorded in experiments done in solutions with symmetrical K  + concentrations. No cor- 
rection was made for this error. 
For whole-cell recordings, electrodes with input resistances of 1-2 Mft in standard solu- 
tions were used. The input resistance of the cells was usually >2 Gfl. Typically, for currents 
>200 pA, 50-80% of the series resistance was electronically compensated. For currents <1 
nA, the largest outward current considered in these experiments, the maximum uncompen- 
sated voltage error is 4  mV, assuming a  series resistance of 4  Mfl,  two to four times the 
pipette resistance. Most of the capacitative current was  subtracted electronically using the 
capacitance  compensation circuitry of  the  patch  clamp.  The  remaining uncompensated 
capacitative current and ohmic leak current were digitally subtracted from the data using leak 
templates scaled to the appropriate voltages. The leak templates were constructed by fitting 
smooth functions to the average current response to 20-mV depolarizing steps from a hold- 
ing potential of -70 inV. No time-dependent currents were activated in this voltage range. 
Single-channel  currents were recorded primarily from cell-attached patches although some 
outside-out patches were used (Hamill et ai., 1981).  Voltage steps were delivered every 5 s. 
Linear leak and uncompensated capacitative currents were digitally subtracted using leak 32  THE JOURNAL OF GENERAL PHYSIOLOGY ￿9 VOLUME 95 ￿9 1990 
templates made from sweeps with no openings. For the ensemble averages and duration his- 
tograms, the single-channel data were idealized using a  50% amplitude criterion to detect 
opening and closing transitions. The ensemble averages that have been expressed in probabil- 
ity units were determined by dividing the current averages by the number of channels in the 
patch (one for all of the patches reported here) and the unitary current amplitude. The ade- 
quacy of theoretical fits to data was determined by eye. The results presented are character- 
istic  for a bandwidth _<2 kHz. There may be faster transitions that were unresolved at this 
bandwidth. 
Solutions 
For whole-cell and outside-out experiments the composition of the solutions were as follows 
(in millimolar): external (bath)  140 NaCI, 2  KCI, 6  MgCI2, 5  HEPES, pH 7.1; and internal 
(pipette) 140 KC1, 2 MgCI~, 11 EGTA, 10 HEPES, pH 7.1,  For some whole-cell and outside- 
out experiments internal 140 mM KCI was replaced by 70  mM KCI and 70  mM KF, and 
external 6 mM MgCI~ was replaced by 4 mM MgCI~ and 2 mM CaC12. Under these conditions 
no marked differences in the kinetics or voltage dependence of the A current were observed. 
For cell-attached experiments the external solution was used in the pipette and the internal, 
high K  + solution was  used in the bath.  In this high K  + solution the cell  resting potential 
should be close to 0 mV and therefore the voltages reported are close to the actual voltage 
across the membrane. No obvious differences were seen in the voltage dependence for any of 
the channels between cell-attached and cell-free patches, although there was a tendency for 
channels in cell-free patches to open more times during a voltage step. The free Ca ++ con- 
centration of the internal solution was estimated to be -1-10 nM. The temperature of the 
recording chamber was controlled at 22  -+ 0.2~ 
RESULTS 
The general macroscopic properties of Shaker A-type channels are illustrated by a 
family of whole-cell current records from a  cultured wild-type myotube (Fig.  1 A). 
Outward currents were  recorded  from  this cell after  12  h  in culture, a  develop- 
mental stage that had similar proportions of A-type and delayed outward currents 
(Zagotta et al.,  1988).  Outward currents become evident at steps to  -30  or  -20 
inV. As steps are made to more positive voltages, the currents inactivate faster. The 
transient current was  absent in myotubes cultured from animals homozygous for 
Sh  Kst33,  a  null mutant of the Shaker locus (Fig.  1 B), leaving only outward currents 
that do not inactivate on the time scale of these voltage pulses. Macroscopic A-type 
potassium currents that are altered by mutations of the Shaker gene have also been 
recorded from pupal and larval muscle (Salkoff,  1983; Wu and Haugland,  1985). 
The  transient  current  develops  earlier  than  the  sustained  current  during both 
embryonic (Zagotta et al.,  1988)  and pupal (Salkoff and Wyman, 1981a)  develop- 
ment.  In embryonic myotubes, even at early times when the  sustained current is 
relatively small, its contribution to  total outward current is significant, and the A 
current is  not completely isolated.  Because  of this,  it  is  difficult to  determine in 
whole-cell measurements how much of the sustained current is due to a  noninacti- 
vated fraction of the A current. In principle, pharmacological experiments could be 
used to determine the extent of steady-state A current but common potassium chan- 
nel blockers, such as 4-aminopyridine,  are not totally specific for A currents in these 
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inactivation  of these  A-type channels  is  nearly  complete  after  10  ms  at  voltages 
above 0  mV (Zagotta et al.,  1988). 
Inactivation of the macroscopic A  currents occurs over a  range of -40  to  -20 
mV (Fig. 2). Fig. 2 A shows a family of currents recorded after 500-ms prepulses to 
voltages between  -50  and  -20  mV. The normalized peak current during the test 
pulse  is plotted against prepulse potential  for seven cells in  Fig.  2 B. To partially 
correct for contamination by delayed current, we subtracted the current 50 ms after 
the start of the pulse from the current at the time of the peak of the large transient 
currents. This correction assumes that delayed current is nearly completely activated 
at the time of the peak of the A current at  +50 mV (the test pulse potential) and is 
negligibly inactivated by 500-ms prepulses over the  range the A  current  is inacti- 
vated.  Prepulse inactivation  experiments on  Sh  rsz33 myotubes have suggested that 
200 pA 
10 ms 
B 
200 pA 
I  10 ms 
FIGURE 1.  Whole-cell  cur- 
rents  in  cultured  embryonic 
myotubes  from  wild-type  (A) 
and Sh  xsz33 mutant (B) Drosoph- 
ila.  The  membrane  potential 
was  stepped  from  a  holding 
potential of -70 mV to a preo 
pulse  potential  of  -100  mV 
for 500 ms and then depolar- 
ized  for  60  ms  to  command 
potentials  between  -50  and 
+ 50 mV in 20-mV increments. 
The  voltage pulse  protocol  is 
shown  at  the  top.  The  data 
were filtered at 2 kHz and digi- 
tized at 100 Us per point. 
both of these assumptions are valid (data not shown).  The points have been fitted 
with the voltage-dependent proability of remaining activatable [P(V)] derived from 
the Boltzmann distribution: 
I  1 
P(V)  /max  1 +  e  t~  .... /,>/vJ  (1) 
The midpoint for inactivation (V~/~) is -29  mV, and the slope factor (Y) is 3.5 mY. 
The midpoint of inactivation is more positive than most other A-type currents (Con- 
nor and  Stevens,  1971;  Thompson,  1977;  Cooper and  Shrier,  1985;  Kasai et  al., 
1986;  Taylor,  1987)  including  the A2 current  that  is found in Drosophila  neurons 
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Gating Kinetics of Single At Channels 
Whole-cell A  current kinetics change markedly between  -20  and  + 50 mV (see Fig. 
1). At less positive voltages, the macroscopic currents turn on more slowly and inac- 
tivate  much more slowly. Although detailed  descriptions  of this voltage-dependent 
gating require the development of kinetic models that can fit all of the macroscopic 
and  single-channel  measurements  (see  next  section),  many important  conclusions 
can be drawn  from analysis of single-channel  behavior without a  complete kinetic 
model. In this section, we analyze the statistical distributions  of single-channel open 
and  closed events  and  their  voltage dependence.  Although  our experiments  were 
limited by the tendency of channels to disappear from patches after a  few minutes 
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FIGURE 2.  Effects  of  prepulse 
potential on the whole-cell currents. 
(A)  Whole-cell  currents  elicited  by 
steps to +50 mV after a 500-ms pre- 
pulse  to  -50,  -40,  -30,  and  -20 
mV from a holding potential of -70 
inV.  The  voltage  pulse  protocol  is 
shown at the top. The data were fil- 
tered at 2 kHz and digitized at 100 ~ts 
per  point.  (B)  Prepulse  inactivation 
curve for the whole-cell A  currents. 
Normalized  peak  A  current  during 
the  step  to  +50  mV  is  plotted  vs. 
prepulse potential. The normalized A 
current was calculated by subtracting 
the current  50 ms after the start of 
the  pulse  from  the  current  at  the 
time  of the  peak of the  large  tran- 
sient currents. The different symbols 
represent  data  from seven different 
myotubes.  The  data  are  fitted  by a 
Boltzmann distribution (Eq.  1) with a 
slope (Y) of 3.5 mV and a half-inacti- 
vation voltage (VI/2) of --29 mV. 
(Zagotta  et  al.,  1989),  they  were  facilitated  by  the  high  probability  of obtaining 
patches with only a  single channel. 
Representative  single-channel currents at  -20,  0,  + 30, and  +50 mV are shown 
in Fig. 3. The openings occur in short bursts of only a few opening events. A burst is 
defined as any group of openings that are separated by closed times of duration less 
than a burst criterion duration. This criterion was determined by examining closed- 
duration  distributions  (data not shown) and set  to  1 ms,  approximately four times 
the fastest component of the closed durations. Often only one burst occurs during a 
voltage step,  although  multiple  bursts,  separated  by closed intervals  that  are  long 
compared  with  closed  durations  during  a  burst,  can  occur.  The  occurrence  of a ZAGOTrA AND ALDRICH  Shaker A-Type Pota~ium Channel Gating  35 
burst  of openings essentially divides  the  current record into  three  segments: the 
time before the first opening of the burst, the burst itself, and the period after the 
burst.  The  time after the  burst either contains additional  bursts  or a  long-lasting 
closed duration that continues until the end of the record. We have analyzed the 
bursts of openings to determine  the voltage dependence of the number of bursts 
per record, the open durations, the number of openings per burst, the closed dura- 
tion within bursts, the latency until first opening (first latency), and the probability 
of observing a record with no opening (a blank record). 
A  -20  mV  B  0 mV 
i  i  I  I 
+30 mV 
C 
__1  1 
i~p A 
10 ms 
+50  mV 
~  I  I 
FIGURE 3.  Representative  openings of a single A1 channel at -20 mV (A), 0 mV (B), +30 
mV (C), and +50 mV (D). The channels were recorded from a cell-attached  patch. The volt- 
age protocol is shown at the top. The data were filtered  at 1 kHz (A) or 2 kHz (B, C, D), and 
digitized at 50/zs per point. 
The channels showed a marked tendency to give only a single burst during a volt- 
age step.  Fig. 4 shows the mean number of bursts per record, given the occurrence 
of at least one burst, for four cell-attached patches over a voltage range from -20 
to + 50 inV. Over the entire voltage range there is litde tendency to burst more than 
once. The lack of voltage dependence in the number of bursts cannot account for 
the pronounced voltage dependence of the macroscopic currents. 
Because channels rarely open into additional bursts, the long closed state can be 
identified  as an inactivated state.  This  indicates  that  there are at least  two closed 36  THE JOURNAL OF  GENERAL  PHYSIOLOGY. VOLUME  95.  1990 
states of the channel. Two possibilities exist for transitions among these states dur- 
ing a  burst: 
C-  ￿9 O  ￿9 I  (Scheme  1) 
or 
O.  " C  ￿9 I  (Scheme 2) 
3' 
In  both  cases a  burst comes  about  by transitions between  the open  state and  the 
short-duration  closed state and  is terminated  by a  transition to  the  long-duration 
inactivated  state.  Although  we  cannot  definitely  distinguish  between  the  two 
schemes,  we  consider  scheme  1  to  be  preferable  for  these  inactivating channels. 
Scheme 2  would require an additional pathway into the open state for the channel 
to activate from rest and therefore an additional closed state. Scheme 1 is consistent 
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FIGURE 4.  Voltage  dependence  of 
the  number  of  bursts  per  voltage 
pulse  given  at  least one  burst.  The 
mean number of bursts during a 60- 
ms  voltage  pulse  is  plotted  against 
the  pulse  potential.  The  mean  was 
determined  after  omitting  records 
with  no  openings. The  criterion for 
burst  termination  was  a  closure  of 
more than  1 ms. The different sym- 
bols  represent  data  from  four  dif- 
ferent  single-channel  cell-attached 
patches. 
with  the  observation that  the  closed durations  within  the bursts  are  never longer 
than  the first latencies (see below). All of the qualitative conclusions about voltage 
dependence in the following analysis apply equally well to both kinetic schemes.  In 
keeping with  a  desire  to  use  as  few  states  as  possible, we  will use  scheme  1  as a 
beginning model for the interpretation of the data on single-channel kinetics. 
According to scheme  1,  the distribution of open durations will be a  single expo- 
nential with a mean duration of 1/(6 +  K). The open durations are well described by 
this distribution, as can be seen by the open-duration histograms in Fig. 5, A  and B. 
Open duration histograms at -20  and  + 50 mV are well fitted by single exponential 
probability density functions with means of 1.5 ms. The lack of any appreciable volt- 
age dependence in the mean open duration between  -20  and + 80 mV is shown for 
six patches in Fig. 5 C. These results suggest the channel contains a single open state 
for which the sum of the closing rates (6 +  K) does not depend on membrane poten- 
tial. 
According to  this  scheme,  an  open  channel  will either terminate  a  burst with a 
probability of ~/(6 +  ~),  or  reenter  the  burst  with  a  probability of 6/(6 +  K).  The ZAGOTFA  AND ALDRICH  Shaker  A-Type Potassium Channel Gating  37 
number of openings in a burst (n) will be described by a  geometric distribution: 
P(n) =  (1  -  q)("-')q,  (2) 
for (n =  1, 2, 3...),  where q is the probability of termination of a burst and is equal 
to x/(6 +  K). Fig. 6, A and B show histograms of the number of openings per burst at 
-20  and  + 50  mV.  Geometric distributions  (Eq.  2) are shown by the large circles 
and fit well with q equal to 0.40 at  -20  mV and 0.49 at  +50  mV. The lack of any 
appreciable or consistent voltage dependence in the number of openings per burst 
between  -20  and  + 80 mV is shown for five patches in Fig. 6 C. The q values from 
different patches range from 0.4 to 0.9, suggesting that K is generally similar to or 
larger  than  6.  The  analysis  of open durations  and number  of openings  per burst 
A  Open duration 
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FIGURE 5.  Voltage dependence of open durations.  (A) A frequency histogram of the open 
durations during voltage steps to  -20  mV. The histogram is fitted by a single-exponential 
function with a time constant of 1.5 ms. The shortest bin was not considered in the fits. The 
bin size is 300 #s. (B) A frequency histogram of the open durations during voltage steps to 
+50 mV, fitted by a single-exponential function with a time constant of 1.5 ms. The bin size 
is 300 #s. (C) The mean open duration is plotted vs. the step potential. The different symbols 
represent data from six different patches. 
indicates that neither the mean open duration  [1/(6 +  K)] nor the probability of ter- 
minating  a  burst  [~/(6 +  K)]  depend  on  membrane  potential.  Therefore  6  and  K 
themselves do not depend on membrane potential.  This means that no appreciable 
charge is redistributed across the membrane between state O  and either of the tran- 
sition states to states C  or I. 
The minimum number of closed states within  a  burst can be determined by the 
number  of exponential  components  in  the  distribution  of closed  times  within  a 
burst.  Measured distributions  of burst closed durations were well fitted with single 
exponential  functions with means of 0.28 ms at  -20  mV (Fig.  7 A) and 0.25 ms at 
+50  mV  (Fig.  7 B).  The  durations  are  very fast  and  the  fastest  bins  are  severely 38  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  .  VOLUME  95  .  1990 
attenuated by bandwidth limitations and therefore not considered in the fits. These 
results indicate that a burst has a high probability of containing sojourns into a sin- 
gle  closed state  with  a  lifetime  of a  few hundred  microseconds.  The  fact  that  the 
burst closed durations are much shorter than the first latencies at all voltages (-20 
to  + 50 mV; see below) is consistent with closing to a  state that is traversed  on the 
activation  pathway.  If this  is  true  the  result  also  indicates  that  bursts  have  a  low 
probability  of including  sojourns  to  more  than  one  of the  closed  states  that  the 
channel  passed  through  along the  way to opening,  at  least  at  voltages  positive  to 
-20  mV. 
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FIGURE 6.  Voltage dependence of number of openings per burst.  (A) A  frequency histo- 
gram of the number of openings per burst during voltage steps to -  20 mV is represented as 
small dots. The histogram is fitted by a geometric distribution (Eq. 2), represented by circles 
around the dots, with the probability of terminating the burst (q) equal to 0.40. The criterion 
for burst termination was a closure of more than  1 ms.  (B) A  frequency histogram of the 
number of openings per burst during voltage steps to + 50 mV, fitted by a geometric distri- 
bution with the probability of terminating the burst (q) equal to 0.49. (C) The probability of 
terminating a burst (q) is plotted vs. the step potential. The different symbols represent data 
from five different patches. 
The lack of appreciable voltage dependence in the mean burst closed durations is 
shown for five patches between  -  20 and  + 80 mV in Fig.  7 C. This lack of voltage 
dependence indicates that the transition rate from the burst closed state to the open 
state  (3') is  not voltage dependent.  Therefore  no appreciable  charge redistribution 
across the membrane occurs between the burst closed state and the transition state 
to opening. We have already found that the rate for entering the burst closed state 
from the open state  (t~) is not voltage dependent.  If the burst closed state  is in the 
opening pathway,  these  results  mean that the final opening step is not measurably 
voltage dependent.  Finally, since we determined that the inactivation transition (K) is 
voltage independent,  and returns  from inactivation  (h)  are rare and probably volt- ZA~A  AND ALDRICH  Shaker A-Type Potassium Channel Gating  39 
age independent  (Fig. 4), all of the transitions that the channel undergoes after first 
opening are independent of membrane potential. 
In contrast to the  transitions  made after opening,  some or all of the transitions 
made before first opening are highly dependent  upon membrane potential.  Distri- 
butions of first latencies are shown in Fig. 8 A for voltage steps to -20,  0, + 20, and 
+ 50 mV. The distributions illustrate that first openings occurred quite late after the 
voltage step at less positive voltages, and became considerably faster at more posi- 
tive voltages. The delay in the distributions  (particularly evident in the  -20-mV  dis- 
tribution)  indicates  that  more than  one closed state  must be traversed  before  the 
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FIGURE 7.  Voltage dependence of burst closed durations. (A) A tail distribution of the burst 
closed durations during voltage steps to -20 mV. Tail distributions describe the probability 
of a closure being longer than the duration on the abscissa and are calculated as 1 minus the 
cumulative distribution. The histogram is fitted by a single-exponential function with a time 
constant of 0.28 ms. The criterion for burst termination was a closure of more than 1 ms. (B) 
A tail distribution of the burst closed durations during voltage steps to + 50 mV, fitted by a 
single-exponential  function as in (A) with a  time constant of 0.25 ms.  (C) The mean burst 
closed duration is plotted vs. the step potential. The different symbols represent data from 
five different patches. 
channel opens. The times at which the first latency distributions  cross 50% of their 
final  value  (the  median  first  latency)  are  plotted  against  membrane  potential 
between  -20  and  +80  mV for four patches  in Fig.  8 B.  The median  first latency 
changes sevenfold over this voltage range indicating a large voltage dependence for 
at least some of the transition rates among the closed states traversed on the way to 
opening. 
At lower voltages the first latency distributions  frequently reach a plateau proba- 
bility  that is much less  than  1 because of records  that elicited  no openings  (blank 
records).  This  is  not because  the  pulse  was  too short  compared with  the  opening 40 
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FIGURE 8.  Voltage dependence of latencies to first opening. (A) Cumulative distributions of 
first latencies during voltage steps to -  20, 0, + 20, and + 50 mV. (B) The median first latency 
is  plotted  vs.  the  step  potential.  The  different  symbols represent  data  from six  different 
patches. 
rates, as longer records did not elicit additional openings. The probability of observ- 
ing  a  blank  record  is  plotted  against  membrane  potential  for  five  cell-attached 
patches in Fig. 9. Blank records were fairly common at -20  and 0 mV, but were less 
likely at  +50  mV.  A  fairly large amount of variability exists  among patches  in the 
occurrence  of blank  records.  The blank  records  could conceivably come about in 
two ways: (a)  channels are unavailable  for opening because of their  residing in an 
inactivated  state  at the beginning of the voltage pulse  or (b) channels are available 
for  opening,  but  inactivate  during  the  pulse  before  opening.  The  proability  of 
observing a blank was small at +50 mV, indicating that the channel was available for 
opening at the beginning of the voltage step and that blank records at 0 mV resulted 
from inactivation before opening.  This is consistent with schemes in which closed- 
state  inactivation  rates  decrease  with  membrane  potential  or  where  closed-state 
inactivation  rates  are  independent  of membrane  potential,  but  the  dwell  time  in 
inactivatable  closed  states  decreases  with  membrane  potential.  This  latter  idea  is 
consistent  with  the  faster  first  latencies  at  higher  voltages.  The  variability  in  the 
probability  of obtaining a  blank  record  from patch  to patch  probably  indicates  a 
variability in the rate of closed state inactivation. 
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FIGURE 9.  Voltage  dependence  of 
the  probability  of  a  blank  record. 
The  fraction of records  that  exhib- 
ited no openings during 60-ms steps 
to  the  membrane  potential  on  the 
abscissa  are  plotted  vs.  the  step 
potential. The different symbols rep- 
resent  data  from  four  different 
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A  Kinetic Scheme for At Channel Gating 
The analysis  of open durations,  burst  parameters,  and  first latencies has demon- 
strated that all of the transitions after first opening, including the inactivation tran- 
sition,  are  independent of voltage, and  that  all of the voltage dependence of the 
macroscopic currents arises from voltage-dependent first latencies.  In this section 
we will formulate a quantitative description of voltage-dependent gating of A1 chan- 
nels, based on the previous conclusions, and compare its predictions to macroscopic 
and single-channel data. 
A successful kinetic model for a voltage-gated ion channel must include a diagram 
of closed, open, and inactivated states with allowed transitions between states, and 
specification of voltage dependence for each of the permitted transition rates. Cal- 
culations based on the model must  reproduce all of the measurable  macroscopic 
and single-channel kinetics over the entire voltage range over which gating occurs. 
We  have  made  the  following  assumptions  in  developing  models  for  gating. 
Although the validity of these assumptions cannot be shown from our data, some of 
them are supported by experimental evidence. Each assumption is followed by lines 
of evidence motivating and supporting it. 
Gating can be described by a time-homogeneous  Markov process. Markov models are 
generally used,  and we  have no data that  suggest that  they are not valid for this 
channel (see French and Horn, 1983 for a discussion of the applicability of Markov 
models). 
The channel reaches equilibrium among the states  in the model  during the 500-ms 
prepulses used to measure  the voltage dependence of resting inactivation. This assumption 
simplifies the fits of models to the resting inactivation curve. It is supported by the 
fact that models that fit all of the kinetic and voltage-dependence data reached equi- 
librium in <500 ms during steps to the standard prepulse voltages (data not shown). 
In addition, longer prepulses caused only a minor hyperpolarizing shift in the mea- 
sured prepulse inactivation curve. 
Activation comes about by the independent movement of identical charges. This is the 
simplest assumption about activation kinetics. It constrains rate constants for transi- 
tions between resting closed states to be integral multiples of the first order transi- 
tion rates ot and 13 (see Armstrong,  1969) and therefore greatly reduces the number 
of rate constants that must be specified. We were influenced in making this assump- 
tion by the results obtained in Shaker mRNA-injected Xenopus oocytes and by the 
similarity in voltage dependence between Shaker A  channels and sodium channels 
(Aldrich et al.,  1983;  Iverson et al.,  1988;  MacKinnon et al.,  1988; Timpe et al., 
1988a,  b;  Zagotta et al.,  1989).  Because A  currents can  be expressed in  oocytes 
injected with a single mRNA species that codes for a protein one-fourth the size and 
homologous to one of the four repeated units of the sodium channel, it seems that 
the A  channel operates in oocytes as a  multimer of identical subunits.  We do not 
know the subunit composition of the channels in muscle cells, but the similarity of 
currents in oocytes and muscle suggests that gating operates by similar mechanisms 
(see Zagotta et al., 1989). 
Closed state inactivation rates are not voltage dependent.  We have shown above that 
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simplest  assumption  is  that  any closed  state  inactivation  is  also  voltage  indepen- 
dent. 
Closings during bursts are to preopen (resting) closed states. This assumption is con- 
sistent with the duration  of the burst closed times always being less than the first 
latencies.  It is possible that burst closings occur by a process that is independent of 
the  opening pathway. A  specific case of this would  be  open channel  block by an 
endogenous  blocking particle.  As  discussed  for  scheme  2,  this  would  require  an 
additional  pathway into  the  open state for the  channel  to activate from rest  and 
therefore an additional burst closed state. 
Rate  constants  depend  exponentially  on  membrane  potential.  This  would  be 
expected for the simplest case of a first-order gating transition that rotates an effec- 
tive dipole,  or moves charge  through  the  membrane, between states.  The voltage 
dependence  of the  activation  rates  were  therefore  constrained  by  the  following 
equations: 
o~(V) = A~e  ~/~~  and  /3(V)  = Aoe -(~/~)  (3) 
where A~ and A 0 are the rates at 0 mV of c~ and/3, respectively, and V~ and Vt~ specify 
their voltage dependencies.  Other  forms of voltage dependence  are  possible  (see 
Stevens,  1978), but require specification of the functional form and parameters of 
the voltage dependence of each rate constant,  and therefore greatly increases the 
arbitrary parameters in the model. For the activation rate constant (a), the exponen- 
tial assumption seems to hold well above 0  mV (see below). 
These assumptions are simple and reduce considerably the number of free param- 
eters that must be specified to construct a model. We have used the following basic 
strategy for formulating and testing specific models. The rate constants  for transi- 
tions directly into and out of the open state at all voltages were determined from the 
open duration  and burst analysis as detailed above. After this, an equilibrium  for- 
mulation of the model was used to fit the resting inactivation curve measured from 
whole-cell experiments. For the general model shown below: 
OL 1  OL  2  OL  N 
C,  'C,  'C  ....  O 
ll'  1'  l  '  1l 
~kO  KO  ~kl  KI  •2  K2  ~kN  KN 
I,  'I.  'I  ￿9  ￿9  ￿9  'I 
(Scheme 3) 
The equilibrium  probability of residing in a  noninactivated  state as  a  function  of 
membrane potential  [P(V)]  is given by the following equation:  [H(o)] 
1+~ 
j-I  i-I 
P(V) =  .  .  (4) 
1+  +~0+ 
For models with activation rate constants a  and/3 exponentially dependent on volt- ZAG~AAND  ALDRICH  Shaker A-Type Potassium Channel Gating  43 
age and representing the independent action of identical subunits: 
o~  K (IO -  A,, etV(l/vo+  l/v~)  j  (5) 
-  =  _  An 
From these fits we determined the equilibrium constant for the activation transition 
of each subunit  [K(10] at 0  mV (Aa/AB) and the voltage dependence of the equilib- 
rium (I/V,, +  1/Va).  Next the first latency distributions were fitted with numerical 
solutions  of the  model to determine  the  absolute magnitudes  and voltage depen- 
dence of the  activation and deactivation  rates.  Finally,  numerical  solutions  of the 
model were used to calculate macroscopic currents and then they were compared 
with  the  single-channel  ensemble averages and the whole-cell currents.  Peak con- 
ductance and time to peak current of the calculated currents were compared with 
their counterparts from the whole-cell currents. 
Number of Inactivated States 
While multiple bursts are sometimes observed during short voltage pulses, the chan- 
nel  rarely,  if ever,  reopens during maintained  depolarizations.  This  suggests  that 
there is a second, absorbing, inactivated state from which reopening cannot occur. 
Slow inactivation processes are also evident in prepulse inactivation experiments in 
which very long prepulses (5 s) result in small (8 mV) hyperpolarizing shifts in the 
resting inactivation curves. In addition, both the whole-cell and single-channel cur- 
rents exhibit a rundown phenomenon, even in cell-attached patches, and a double 
exponential recovery from inactivation time course, which may be related to addi- 
tional  inactivated  states.  The  rundown  phenomenon  makes experiments  on  slow 
inactivation and recovery extremely difficult. This slow inactivation process is slow 
compared with the fast gating processes considered here and therefore will be disre- 
garded in the following development of a kinetic model. Because slow inactivation 
influences  the time course of recovery determined  in a  two-pulse experiment, we 
have not tried to fit recovery time courses. 
Number of Closed States 
A  minimum number of resting closed states can be determined by fitting the first 
latency distribution functions with the predictions of models with different numbers 
of closed states. Fig.  10 A shows fits of first latency distributions obtained at 0,  + 20, 
and  +50 mV with the predictions of a  model as follows: 
4a  3a  2a  a  3, 
C  , C  , C  , C  , C  ,0  (Scheme 4) 
Channels are assumed to reside in the left-most closed state at the beginning of the 
voltage pulse. Scheme 4  fits well with five closed states (shown). Reasonable fits can 
be obtained with three or more closed states. Fits are much less adequate with two 
closed states. It is difficult to establish an upper limit for the number of states in the 
opening pathway.  Because of the constraint of opening rates being integral multi- 
ples of a, adding more closed states does not seriously affect the amount of delay in 
the  calculated  first-latency distributions.  For these  fits we have not  assumed  any- 
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o~ independently at each membrane potential  to determine the best fit. We ignored 
any contribution  of/3 because we are fitting first-latency functions at high voltages 
where  the  backward  rates  are  likely  to  be  negligible.  Incorporating values  for /3 
arrived at in the full analysis presented below did not affect the voltage dependence 
of a  (see below). The value for 3' was determined from the analysis using scheme  1 
and is independent of voltage. The values of o~ found by fitting the first-latency dis- 
tributions  vary exponentially  with  membrane  potential  (Fig.  10 B).  This  provides 
some support for the assumption of exponential voltage dependence of the activa- 
tion rate constants  (Eq.  3). 
Closed State Inactivation 
It is clear from the absence of a large fraction of blank records at  +50 mV that the 
channels  are  available  for opening  essentially  every trace  (Fig.  9),  indicating  that 
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FIGURE l 0.  Exponential  voltage dependence  of activation  rates.  (A)  Distribution  of first 
latencies during voltage steps to 0,  +20, and  +50 mV are plotted as dots. These data are 
fitted by numerical solutions to scheme 4 for each membrane potential.  (B) The values of ct 
from these fits are plotted vs. the step potential on semi-log axes. The different symbols rep- 
resent data from four different patches. These data are fit by an exponential (Eq.  3) with an 
amplitude (A,,) of 700 s -1 and a voltage dependence (V~) of 27 mV. 
closed-state inactivation is not appreciable at  + 50 inV. At 0 mV, however, there is a 
higher  probability  of obtaining  a  blank  record.  This  voltage-dependence  of  the 
probability  of blank  records  indicates  that  pathways  are  present  for  inactivating 
from closed states without first opening, and thus discounts fully coupled models of 
gating where opening is a  prerequisite  for inactivation.  The simplest  conclusion is 
that inactivation  is possible  from some closed states  and is more effective at lower 
voltages because the opening process is slow, increasing the probability that inacti- 
vation will occur before opening. This would arise if inactivation could occur from a 
few of the closed states but is not voltage dependent. 
Classes of Models 
We have considered three general classes of models for Al channel gating: (a) inde- 
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and inactivate, (c) coupled models where at least some of the gating transitions arise 
from the entire molecular assembly and not from individual subunits. 
Independent activation and inactivation. This class of models incorporates sepa- 
rate and independent transitions for activation and inactivation. It is exemplified by 
the Hodgkin and Huxley model for sodium channel gating (Hodgkin and Huxley, 
1952).  Similar models have been proposed for A-type channels from macroscopic 
currents (Neher, 1971; Connor and Stevens, 1972). In this class of models, inactiva- 
tion begins immediately upon a step change in membrane potential and takes place 
independently of the activation process. Activation and inactivation are separately 
voltage dependent. A simple molecular view of this type of model would incorporate 
a number of subunits responsible for activation and a separate one responsible for 
inactivation. In independent models, closed state inactivation must proceed with the 
same rate regardless of the state of activation. A model with independent activation 
and inactivation can be expressed as the following kinetic scheme: 
40/ 
C.  'C. 
ll  X  K  X  K 
40/ 
I.  'I. 
30/  20/  0/ 
~C.  ~C.  '0 
X  K  X  ~  X  K 
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'I.  'I.  'I 
2/3  3/3  4/3 
(Scheme 5) 
Independent activation and inactivation processes are not consistent with the single- 
channel data. For channels with highly voltage-dependent macroscopic inactivation, 
scheme 5 demands that either the mean open duration or the number of openings 
per burst be voltage dependent. We have shown that neither of these measurable 
quantities is voltage dependent between -20  and + 80 mV (Figs. 5 and 6) and have 
concluded therefore that inactivation of open channels is not voltage dependent. If 
inactivation occurs equally well from any closed state, as required by scheme 5, and 
is independent of membrane potential, as required by the single-channel data, then 
there can be no voltage dependence of resting inactivation. This is clearly not the 
case (see Fig. 2). This type of scheme is also incompatible with the general lack of 
blank records at more positive voltages, indicating that most channels open before 
inactivating at these voltages, even though macroscopic inactivation is very fast. 
Independent subunits, each with activation and inactivation. This class of model is 
inspired in part by the results in Xenopus oocytes that suggest that the channel can 
exist as a  multimer of identical subunits.  In this formulation, each of the subunits 
acts independently, inactivating only after it activates: 
0/ 
C.  "O 
I 
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A  channel can be open only when all of the subunits are in the O  state but will be 
inactivated when any of the subunits are in the I state. Because of our single-channel 
results, the transitions between C and O  would be voltage dependent whereas the O 
to I  transitions would be independent of membrane potential.  A  molecular view of 
such a model would involve redistribution  of charge across the membrane as a sub- 
unit  enters  the  O  conformation and becomes activatable.  Any subunit  could then 
inactivate by a mechanism that does not redistribute  charge in the membrane,  per- 
haps by a block of the activatable state by a part of the subunit that serves as a plug 
of the  open channel,  similar  to the  model of Armstrong and  Bezanilla  (1977)  for 
sodium  channels.  Each  subunit  has  both  activation  and  inactivation  "gates." 
Because the inactivating process cannot occur until the subunit activates, each sub- 
unit is absolutely coupled. The multisubunit model that arises from several indepen- 
dent absolutely coupled subunits is not absolutely coupled, however, as inactivation 
can occur in some of the subunits before all of the subunits  are in the O  state.  An 
expanded state diagram for a channel consisting of four subunits operating accord- 
FIGURE 1 1.  Model  repre- 
C  4 m  ~a  ~  =  senting  the  independent  con- 
C  ~  ~  C  4  ~  C  ~  ￿9  O  formational  change  of  four  ~  113~ l!  TI 
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conformation. 
ing to scheme 6 is shown in Fig.  11. Adding additional subunits will add states along 
the  lower  diagonal  and  change  the  multipliers  on  some  of  the  rate  constants. 
Although  such a  model  has  many states,  the  rate  constants  are  constrained  to be 
integral multiples of the elementary rate constants for activation (a and/3) and inac- 
tivation (K and },) of the individual  subunits. 
This  class of models  is  attractive  for several  reasons.  The  subunits  act indepen- 
dently and identically,  in keeping with the presumed expression of homomultimers 
in the oocytes. The complete model contains partially coupled activation and inacti- 
vation  processes,  intermediate  between  absolute  coupling and independence.  The 
inactivation rates accelerate  as activation progresses,  therefore  resulting in voltage- 
dependent  closed-state  inactivation.  In addition,  the  model has a  large  number of 
inactivated states, which may account for some of the complexities of slow inactiva- 
tion. 
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dictions  to  the  single-channel  and macroscopic data.  Although  the  model can do 
quite well in fitting subsets of the macroscopic and single-channel data, it is clearly 
inadequate  for fitting all of the data over the entire voltage range.  The following 
problems were evident: 
(a) The  model predicts  too much voltage dependence  of the  mean open dura- 
tions. This is because of the voltage dependence of 3  needed to fit the resting inac- 
tivation curve. Because the final closing rate is actually 43,  the problem of voltage 
dependence of the open durations is severe. The open duration could conceivably 
be voltage independent if 43 and 4x changed together such that 1/(43 +  4r) was not 
a function of membrane potential, but this would give a voltage-dependent number 
of openings per burst which is also not observed. 
(b) While the measured burst closed durations have a  mean of ~0.3 ms indepen- 
dent of membrane potential over the range  -20  to  + 50  mV, the model predicts 
durations with a mean of 0.3 ms at  +50 mV, increasing to 1.7 ms at 0 inV. 
(c)  The  model  produces  too  much  closed-state  inactivation.  Inactivation  from 
closed  states is very prominent in  this independent  subunit  model because of the 
ability of many closed  states  to inactivate.  This predicts  a  large  fraction of blank 
records  at  high  voltages,  a  very negative  resting inactivation  curve,  or  extremely 
large ot and/3 rates which remove much of the delay seen in the first latency distri- 
bution. 
Although quite nice fits could be obtained to the macroscopic data, no amount of 
manipulation of rate constants or gating charge could make the independent  sub- 
unit model fit all of the single-channel and macroscopic data well. The inadequacies 
of the  model  indicate  that a  mechanism involving independent  subunits,  each of 
which can open and then inactivate, is not tenable for the Shaker A-type channels. 
The problems are not alleviated if the individual subunits are allowed to inactivate 
from closed states: 
OL 
C,  'O 
I 
(Scheme 7) 
This model does even more poorly at reproducing the macroscopic and single<han- 
nel  results  than  the one with  absolutely coupled  subunits  because it allows more 
closed-state inactivation. 
Since simple independent subunit models are inadequate to explain the data, we 
are faced with generating more elaborate schemes for each subunit or considering 
interactions  between  the  subunits.  Other  more  complex  independent  subunit 
schemes, such as ones in which each subunit possesses two C states, an O  state, and 
an  I  state,  may be generated which  produce voltage-independent open times and 
burst parameters. However, we believe that many of these models will  suffer from 
having too much closed-state inactivation, a  problem that can be alleviated by par- 
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Partially coupled model.  The previously mentioned problems with the indepen- 
dent activation and inactivation model and the independent subunit models have led 
us to make the following modifications: (a) Inactivation is allowed only from closed 
states near to the open state. (b) The last opening step is fast and not voltage depen- 
dent.  This  is  essential  to  reproduce  the  lack of voltage dependence  of the  open 
durations, the burst closed durations, and the number of openings per burst, which 
it does by allowing the last closed state to act as a buffer that insulates the open state 
from the voltage-dependent closing rate/3. 
These modifications give rise to the following scheme: 
4a  3~  2a  a  "y 
C1.  " Cz.  ' C:~ ￿9  ~ C4 -  '  C~.  '  O 
X  K 
(Scheme 8) 
where 7, 5, K, and •  are independent of voltage. Inactivation can come from either 
C4 or from both C4 and C5 but not only from C5.  Inactivation from only C~ would 
give no voltage dependence to closed-state inactivation because there is no voltage- 
dependent  pathway  from  the  inactivatable  state  to  the  open  state.  Transitions 
between the inactivated states (dashed arrows) are possible, although our data do not 
address their presence. These transitions would allow the channel to recover from 
inactivation without opening. 
We have tested this model, as before, by simultaneously fitting the single-channel 
and macroscopic data. Fig.  12 shows fits of scheme 8 to the open-duration distribu- 
tion, first-latency distribution,  number of openings per burst frequency histogram, 
and burst closed-duration distribution from a cell-attached patch containing a single 
A1 channel,  with voltage steps to 0  mV. Fig.  13 shows similar fits to data from the 
same patch obtained with steps to  +50 mV. As can be seen, the model adequately 
reproduces these single-channel  distributions and their voltage dependence.  Satis- 
factory fits were obtained with similar values of the rate constants for the distribu- 
tions  of five  other  single-channel  patches  over a  voltage  range  of  -20  to  +50 
mV. 
Scheme 8 also reproduces the macroscopic properties of the channels.  Fig.  14, A 
and B  show  the  ensemble averages for voltage steps to  0  and  +50  mV from the 
same patch  as  shown  in  Figs.  12  and  13.  Superimposed on  these  averages is  the 
prediction  of the partially coupled model for steps to these voltages.  Because  the 
single-channel current-voltage relation is linear over the voltage range -20  to + 80 
mV (Zagotta et al.,  1988),  macroscopic currents  [I(t)]  can be calculated  from the 
channel  open probabilities  [P(t)]  and  membrane potential  (V) using the following 
equation: 
I(t) = Ng(V -  Er)P(t)  (6) 
where the single-channel conductance (g) is 15 pS, the reversal potential (Er) is -54 
mV (Zagotta et al., 1988), and the number of channels (N) is constant for any given ZAGOTFA AND ALDRICH 
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FIGURE 12.  Fits  of scheme  8 to the single-channel  parameters from a cell-attached  patch 
during voltage  steps to 0 mV. (A) Tail distribution of open durations is shown as dots and 
fitted by the prediction of the model, a single-exponential  distribution  with a time constant of 
2.0 ms. (B) Distribution  of first latencies shown as dots fitted by the first-latency distribution 
calculated  numerically from the model.  (C) Frequency histogram of the number of openings 
per burst is shown as dots and fitted by the prediction of the model, a geometric distribution 
(Eq. 2) with the probability  of terminating the burst (q) equal to 0.8, shown as circles around 
the dots. The criterion for burst termination was a closure of more than 1 ms. (D) Tail distri- 
bution of the burst closed durations shown as dots and fitted by the burst closed duration tail 
distribution  calculated  numerically  from the model. The shortest bin (50 Us) was not consid- 
ered in the fits and is not plotted on the graph. 
cell.  Fig.  14 C shows macroscopic A currents for a  family of voltage steps between 
-30  and  + 50 mV calculated from scheme 8 with Eq.  6. These calculated currents 
are compared in Fig. 14 D with experimental whole-cell records from a cell that had 
little noninactivating current. These currents exhibit voltage dependence and kinet- 
ics that are very similar to the calculated currents. 
Fig.  15 A  shows resting inactivation curves from seven different myotubes fitted 
with  the  equilibrium  solution  (Eq.  4)  to scheme 8.  Although the  state  diagram is 50 
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FIGURE 13.  Fits of scheme 8  to the single-channel parameters from a  cell-attached patch 
during voltage steps to +50 mV. (it) Tail distribution of open durations is shown as dots and 
fitted by the prediction of the model, a single-exponential  distribution with a time constant of 
2.0 ms. (B) Distribution of first latencies shown as dots fitted by the first latency distribution 
calculated numerically from the model. (C) Frequency histogram of the number of openings 
per burst is shown as dots and fitted by the prediction of the model, a geometric distribution 
(Eq. 2) with the probability of terminating the burst (q) equal to 0.8, shown as circles around 
the dots. The criterion for burst termination was a closure of more than 1 ms. (D) Tail distri- 
bution of the burst closed durations shown as dots and fitted by the burst closed duration tail 
distribution calculated numerically from the model. The shortest bin (50 #s) was not consid- 
ered in the fits and is not plotted on the graph. 
much more complicated than a two-state model for inactivation, the fit is essentially 
indistinguishable from a  Boltzmann distribution (Eq.  1)  with a  midpoint (V1/2) of 
-29  mV and a  slope factor (Y) of 3.5  mV corresponding to an equivalent gating 
charge of seven electronic charges. This gating charge comes entirely from transi- 
tions between closed states as no other transitions are voltage dependent. The value 
for the equivalent charge derived from the Boltzmann distribution is less than the 
total amount of charge (9.4 electronic charges, see below) that actually moves in the ZAG(TITA  AND ALDPaCH  Shaker  A-Type Potassium Channel Gating  51 
model between  the  left-most closed  state and the  open  state￿9 This was  a  general 
feature of all of the partially coupled models we tested. 
Resting inactivation was important in the fitting process as it contributed substan- 
tially to the determination of B, which is low at depolarized voltages where the sin- 
gle-channel duration distributions were measured. Because of the high dependence 
of/3 values on the resting inactivation curve, these values are sensitive to possible 
differences in voltage dependence between the cell-attached and outside-out config- 
urations, where the single-channel activity was recorded, and the whole-cell configu- 
ration,  where  the  resting  inactivation  was  recorded.  Although  it  is  unlikely  that 
changes in membrane potential between the two configurations were large, differ- 
ences in voltage dependence of gating between patches and whole cells have been 
A  C 
0.25 
2.5 ms 
D 
50 pA 
2.5 ms 
FIGURE 14.  Fits of scheme 8 to ensemble averages and macroscopic currents. (A) Ensemble 
average from a single-channel ceil-attached patch during voltage steps to 0 mV plotted as 
probability. Superimposed on the data is the open probability after a voltage step to 0 mV 
calculated numerically from the model. (B) Ensemble average from the same patch as (A) 
during voltage steps to  + 50 mV superimposed on the open probability calculated numeri- 
cally from the model. (C) Family of macroscopic currents calculated numerically from the 
model using Eq.  6 for voltage steps to  -30,  -10,  +10,  +30, and  +50 mV. (D) Family of 
whole-cell  currents recorded during voltage steps to the same voltages as C. This myotube 
contained an unusually small delayed-rectifying potassium current and therefore its kinetics 
are minimally contaminated by poor current separation. 
reported for sodium channels  (Fenwick et al.,  1982;  Marty and Neher,  1983;  Fer- 
nandez et al., 1984)￿9 To the extent that the resting inactivation curve has shifted to 
more negative voltages, /3 will be smaller than we have calculated.  A  10-mV shift 
between whole-cell and single-channel voltage dependence will decrease the ampli- 
tude  of/3 by 60% with no effect on O's voltage dependence￿9 The rest of the rate 
constants in the model will not be influenced￿9 
Because the models can reproduce the open probabilities after voltage steps, the 
predictive  power of scheme  8  was  tested  for other  commonly measured voltage- 
dependent  properties  of macroscopic currents.  Fig.  15 B  shows  a  comparison of 
experimentally  determined  and  calculated  time-to-peak  current  vs.  membrane 52  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  ￿9 VOLUME  95 ￿9 1990 
potential. The  time-to-peak was  measured  directly from families of whole-cell cur- 
rents  for the data points and from currents numerically calculated from scheme 8 
for the smooth curve. A  comparison of the experimentally determined and calcu- 
lated peak conductance-voltage relation  [G(V)]  is shown  in Fig.  15 C.  The  experi- 
mental G(V) was determined from a  number of whole-cell current families by divid- 
ing the peak minus steady-state current  by the single-channel current  at the same 
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FIGURE 15.  Fits of scheme 8 to the 
macroscopic  voltage-dependent 
parameters. (A) Normalized prepulse 
inactivation curve fitted by the pre- 
diction  of  scheme  8.  The  prepulse 
inactivation was determined from the 
peak minus steady-state current dur- 
ing a step to +50 mV after a 500-ms 
prepulse to the membrane potential 
on  the  abscissa.  The  different  sym- 
bols  represent data from  seven  dif- 
ferent  myotubes. The  smooth curve 
is the equilibrium probability of remaining activatable and was calculated from the model by 
Eq.  4.  (B) Time-to-peak vs. step potential from myotube whole-cell currents fitted with the 
prediction of the model. The different symbols represent data from three different myotubes. 
The smooth curve was determined from the model by calculating numerically the probability 
of being open after voltage steps and measuring the time-to-peak from the calculated wave- 
forms. (C) Normalized peak conductance vs. membrane potential curve G(V) from myotube 
whole-cell currents fitted by the prediction of the model. Peak conductance was calculated 
from the peak minus steady-state whole-cell currents using Eq. 6. The different symbols rep- 
resent data from five different patches. The smooth curve was determined from the model by 
measuring the peak from the calculated waveforms. 
membrane  potential and normalizing to 0.81  at  +40  mV.  For the G(V) prediction 
of scheme 8, represented by the smooth curve, a  similar calculation was performed 
on the calculated currents. 
The values of the rate constants used in the fits are summarized in Fig.  16. The 
model diagrammed in Fig.  16 A  shows the voltage-independent rate constants near 
the arrows corresponding to the relevant transitions. The voltage dependence of the 
activation rate constants (a and/3) is plotted in Fig.  16 B  and expressed as an equa- ZAGOTI'A AND ALDRICH  Shaker  A-Type Potassium Channel Gating  53 
tion  in  Fig.  16 C. The model with  these  rates fits the single-channel  distributions 
from a single patch (Figs.  12,  13, and  14) and the macroscopic behavior of A  cur- 
rents  in  many  whole-cell  experiments  (Figs.  14  and  15).  The  close  agreement 
between the predicted and actual data indicates the adequacy of scheme 8  for the 
voltage-dependent gating of Shaker A channels. Although detailed fits of theoretical 
distributions are shown from a single patch, only minor changes were required for 
other  patches,  and  the  model  accurately predicts  the  macroscopic behavior of a 
large population of channels in a number of cells. 
Rate constants enclosed in boxes in Fig. 16 A are not dependent upon membrane 
potential and therefore do not involve movement of charged particles through the 
membrane field.  From these rates, the free energy differences between the various 
states (AG) can be calculated with the following equation: 
/  AG =-RTIn  ~-l  (7) 
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FIGURE 16.  Summary of the 
rates used in scheme 8, which 
fit all of the macroscopic and 
single-channel parameters. (A) 
State  diagram  of  the  model 
showing  the  absolute  magni- 
tudes  of the  voltage-indepen- 
dent rates (s -1) and the relative 
magnitudes  of  the  voltage- 
dependent rates. The rate con- 
stants  that do not depend  on 
voltage  are  boxed.  Since  this 
channel  exhibited  little  volt- 
age-independnet  closed-state 
inactivation, the inactivation rate from the fight-most closed state was zero. Some channels 
exhibited more blank sweeps at + 50 mV (see Fig. 9), suggesting a slow inactivation rate from 
the right-most closed state. (B) Exponential voltage dependence of the activation and deacti- 
vation rates (Eq. 3). (C) Equations for the activation and deactivation rates showing the equiv- 
alent charge movement associated with these rates. 
where R is the universal gas constant, T is the absolute temperature, k~ is the rate of 
the forward reaction, and k_~ is the rate of the reverse reaction. This free energy 
difference indicates the relative stability of the different channel conformations rep- 
resented by different states. Table I  shows the energy differences between all of the 
pairs of states at 0 mV. The 2 kcal/mol stabilization of the open state relative to the 
last closed state, and of the inactivated state relative to the open state is equivalent 
to approximately half the energy for the formation of a hydrogen bond. 
In addition, the activation energy between each state and its neighbors (AG  l) can 
be estimated with the following equation: 54  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY ￿9 VOLUME 95  ￿9 1990 
where k is the transition  rate, and v is the product of the transmission  coefficient 
and the molecular vibration frequency and is assumed here to have a value of 10 ~2 
s -~. The calculated energy barriers for all of the transitions in the model lie between 
12 and 15 kcal/mol. This is approximately five times the energy for rotation around 
carbon-carbon single bonds, and is significantly greater than the thermal energy (0.6 
kcal/mol). 
and/3 are the only voltage-dependent rate constants. These rates represent the 
forward and backward rates for the individual activation assemblies or subunits. The 
equivalent charge movements between each closed state and the transition state to a 
neighboring closed state (z t) can be calculated by the following equations: 
RT  RT 
z~ = FV~  and  z~ = FVe  (9) 
This equivalent charge movement through the membrane is 0.94 electronic charges 
TABLE  I 
Relative Free Energies of Pairs of States and Transition States 
in Scheme 8 at O raV 
AG  t (kcal/mol)  AG: (kcal/mol) 
Transition  AG (kcal/mol)  forward  reverse 
C ~  C*  -0.6  12,4  12.9 
C~,~-O  -2.1  11,4  13.5 
O~I  -2.1  12.7  14.9 
C~I  -2.2  12.8  14.9 
Relative free energies of pairs of states and transition states in scheme 8 at 0 mV. The free 
energy differences between all of the pairs of states (AG) was calculated using Eq. 7. The 
free energy of activation between each state and the transition to neighboring states (AG  t) 
was calculated using Eq. 8. The frequency factor (v) was assumed to be 101~ s -~. The ener- 
gies for the C  to C* transitions are those for the activation transition of each subunit at 
0 mV. All other transition energies were voltage independent. 
in the forward direction  (a) and  1.4 electronic charges in the reverse direction (/8). 
This  corresponds  to  an  equivalent  charge  movement  of  2.3  electronic  charges. 
Approximately 40% of the total charge movement for the transition occurs between 
the closed state of each subunit and the transition state to the activated conforma- 
tion.  In addition  to the differences in charge distribution,  the closed and activated 
states of the subunits differ in free energy by 0.6 kcal/mol at 0 mV, which is approx- 
imately equivalent to thermal energy. 
DISCUSSION 
We  have analyzed  the  gating of single  native A-type potassium  channels  that  are 
coded for, at least in part, by the Shaker gene. The studies were carried out in cul- 
tured embryonic myotubes from Drosophila, where the standard artifacts associated 
with whole-cell recording, such as current separation and space-clamp, were poten- 
tial problems. These problems were largely eliminated by confirmation of many of ZAC,(Y~A  AND ALDRICH  Shak~ A-Type Potassium Channel Gating  55 
the  macroscopic experimental results with ensemble averages from single-channel 
patches. 
We have arrived at the following general conclusions about AI channel gating that 
do not rely on any of our particular models or assumptions. (a) They possess a sin- 
gle,  kinetically discernible  open state.  (b) After opening,  the  channel  can enter  a 
resting state or a longer lived inactivated state. (c) All transitions after first opening, 
including the inactivation transition itself, are not voltage dependent.  (d) A  resting 
channel must traverse at least two closed states before opening. (e) At least some of 
the transitions along the opening pathway are voltage dependent.  (f) The voltage- 
dependent opening transitions account for the voltage dependence of macroscopic 
currents.  (g)  Inactivation of the channel  is strongly coupled to activation.  (h)  The 
small amount of inactivation from closed states is more pronounced at lower volt- 
ages. 
After trying a  number of different kinetic models, we have concluded that some 
of the gating properties are likely to come about from aggregate properties of the 
subunits and cannot be accounted for by assuming the independent action of multi- 
ple subunits.  Models  in which  activation is independent  of inactivation,  or where 
subunits,  which both activate and inactivate, are independent  of each other, were 
insufficient  to explain all of the single-channel and macroscopic data. These inde- 
pendent models failed for the same basic reasons. Both contained a voltage-depen- 
dent transition entering and leaving the open state, which produces voltage-depen- 
dent open durations or number of openings per burst, and voltage-dependent burst 
closed durations, none of which shows measurable voltage dependence. In addition, 
both  models  predicted  an  unusually  high  occurrence  of closed-state  inactivation, 
especially at high voltages, where few blank records are actually observed. In order 
to overcome these deficiencies, the models were modified to contain a voltage-inde- 
pendent opening transition and closed-state inactivation only from a small number 
of closed  states.  Both  of these  modifications  represent  aggregate  properties  that 
cannot be explained in terms of an independent model. 
A  number of assumptions  and  constraints  for candidate  models were made to 
reduce the number of parameters that needed to be specified. While there is little 
evidence  for  or  against  these  constraints,  we  believe  they  represent  the  simplest 
assumptions. The effect of relaxing some of these constraints would be to invalidate 
some of the quantitative conclusions obtained from the model. If the activation of 
each  subunit  is  not  independent,  exhibiting  some  cooperativity for  example,  or 
identical,  as would be the case if the channel  was a  heteromultimer of kinetically 
different  subunits,  the  measurements  of the  activation  rates  and  voltage  depen- 
dence would be inaccurate. The assumption of an exponential dependence on mem- 
brane potential of the activation rates, which seems to hold at voltages greater than 
0 mV, allowed us to make a simple estimate of the charge movement associated with 
these  transitions.  To  the  extent  that  this  assumption  no  longer  holds  at voltages 
where the resting inactivation changes, our estimates of charge movement will be in 
error. If the channel were composed of more than four subunits, the voltage depen- 
dence,  and hence  the charge movement, associated with  the activation transitions 
would be overestimated, or conversely, underestimated if the channel contained less 
than four subunits. 56  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  ￿9 VOLUME  95  ￿9  1990 
Not all of the rates specified in the model were equally well determined. All of the 
rates into and out of the open state, except the I ~  O  rate X were measured by fits 
to the  single-channel histograms.  The parameters for a  (Aa and  Va)  were deter- 
mined primarily from fits to the first latencies at different voltages, and those for/3 
(A/3 and V/3) were determined from fits to the prepulse inactivation relation. All of 
the above rates are completely specified by the histograms and changes of 10% in 
any of them significantly impaired the fits. X was inferred from the interburst closed 
durations and steady-state current in the ensemble average, two parameters which 
vary significantly from patch to patch. The closed-state inactivation rates were deter- 
mined from the probabilities of blank records (Fig.  9), which also varies between 
different patches. These latter rates were therefore the least well determined and 
should be taken as only approximate. 
The model predicts little voltage dependence of the tail current kinetics because 
of voltage independence of the rates leaving the open states, 6 and K. If the proba- 
bility of terminating a burst (q in Fig. 6 C) is between 0.4 and 0.9, the primary time 
constant of the tails would be expected to decrease by 10-60% at voltages signifi- 
cantly  below  -20  mV.  We  have  been  unable  to  measure  reliably  tail  currents 
because of the lack of sufficient current separation from the delayed currents (see 
Fig. 1). Our experiments only address the potential voltage dependence of 6 and K  at 
voltages above  -40  inV. A  larger voltage dependence of tail currents below  -40 
mV would suggest a modification of the model such that 6 becomes voltage depen- 
dent at more negative voltages. Spruce et al. (1989) have found only a small voltage 
dependence in tail kinetics between -50  and -90  mV for a delayed rectifier chan- 
nel and have concluded that there is relatively little voltage dependence in the final 
opening step. 
In addition to similarity in primary structure, the A~ channel shares many similar- 
ities in voltage-dependent gating with the voltage-activated sodium channel. Analysis 
of the gating of single channels  (Aldrich et al.,  1983; Aldrich and Stevens,  1987; 
Barres et al.,  1989; Kirsch and Brown,  1989) and gating currents (Armstrong and 
Bezanilla,  1977)  from sodium channels has revealed that  their inactivation is  also 
nearly voltage independent and the voltage dependence of macroscopic sodium cur- 
rents and resting inactivation comes about primarily from voltage-dependent activa- 
tion transitions.  This similarity in voltage-dependent gating is likely a  reflection of 
the sequence similarity these proteins share in the $4 and neighboring regions. This 
region has been proposed to contain the voltage sensor for the channels, and per- 
haps contains much of the machinery needed to specify the mechanism described 
here. The similarity in both structure and function suggests a conserved mechanism 
for voltage-dependent gating between channels  of different selectivities. The pri- 
mary differences between the gating of A1  channels and sodium channels are the 
higher probability of returning from inactivation and the lower probability of inac- 
tivating from closed states for the A1 channel. These properties, and others as well, 
also differ between the native A  channel and  the A  channels expressed by Shaker 
RNA in oocytes (Iverson et al.,  1988; Timpe et al.,  1988a, b; Zagotta et al.,  1989) 
and  may be influenced by sequences outside  the  regions  of homology (especially 
near the amino and carboxyl terminals). 
The charge movement determined in this study has implications for the proposed ZAGOT'FA  AND ALDRICH Shaker A-Type Potassium Channel Gating  57 
$4 mechanism of voltage-dependent gating (Greenblatt et al.,  1985; Catterall,  1986; 
Guy and Seetharamulu,  1986; Noda et al.,  1986). In this mechanism a twisting and 
sliding of the $4 helix through the membrane in response to changes in membrane 
potential is responsible for the charge movement associated with activation. Every 
third amino acid of the $4 region is positively charged and thought to be paired with 
a  negatively charged residue from the other transmembrane helices. According to 
this model the sliding of the helix is likely to occur in an integral  multiple  of the 
distance  covered by three amino acids.  This  theory predicts an equivalent charge 
movement of approximately one electronic charge per three residue movement per 
subunit.  The charge movement determined  in  the model per subunit is  2.3  elec- 
tronic charges,  suggesting either  that  the  $4  moves at least  two ratchets,  or that 
there is considerable charge movement elsewhere in the protein that contributes to 
the voltage-dependent gating mechanism. 
Many naturally occurring and induced variants of Shaker A  channels have been 
found that alter its gating mechanism. One EMS-induced Shaker allele, Sh5,  displays 
an altered kinetics and voltage dependence in its A  current  (Salkoff and Wyman, 
1981b; Wu and Haugland,  1985; Zagotta, W. N., and R. W. Aldrich, manuscript in 
preparation). The different alternatively spliced variants have been shown to exhibit 
different macroscopic rates of inactivation and recovery from inactivation (Iverson 
et al.,  1988; Timpe et al.,  1988a, b; Zagotta et al.,  1989). Site-directed mutants will 
provide a large number of additional variants. This model provides a framework in 
which to organize and understand the alterations in gating apparent in these chan- 
nel variants. 
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